ABSTRACT: The fatty acid compositions of 5 freshwater heterotrophic flagellates were studied using laboratory cultures. The flagellates Bodo saltans, Paraphysomonas vestita, Spumella pudica, Polytoma uvella and Chilomonas paramecium were cultured on Synura medium enriched either with Régilait milk powder (MP medium; Régilait, St Martin Roche, France) or with Tabimin dry fish food (DFF medium; Tetra, Melle, France). The bacteria present in the culture media were also analyzed. The enrichment substrate was found to have a pronounced influence on the fatty acid profiles of the organisms. For example, flagellates grown on the MP medium were characterized by very low contents of polyunsaturated fatty acids (PUFA; 1.28 to 5.50% of total fatty acids), whereas those grown on DFF medium contained up to 13.20% PUFA. Irrespective of the species studied, the dominant PUFA were those of the (n-6) series. The presence of branched uneven-numbered fatty acids and of 18:1(n-7) within the protozoans reflects an intensive bacterivorous activity that is understandable in phagotrophic species such as B. saltans, P. vestita and S. pudica but is debatable in C. paramecium and P. uvella, as these species have been described as osmotrophic. The heterotrophic flagellates in this study seemed to have varying, but rather limited, capacities of PUFA biosynthesis and bioconversion that were partly related to the physicochemical conditions in the cultures (temperature and dissolved oxygen) and to the phylogenetic relations of the organisms. Species containing a leucoplast or a residual plastid reproduced in a very attenuated manner the characteristic PUFA profiles of autotrophic flagellates belonging to their taxonomic group. This was mainly the case for C. paramecium and P. uvella. Finally, our results suggest that in the natural environment, the PUFA contents of picoplanktonic prey and of dissolved organic matter are the main factors influencing the PUFA content of these flagellates.
INTRODUCTION
In both marine and freshwater ecosystems, obligate heterotrophic flagellates are known to contribute significantly to the food of mesozooplankton, transferring energy from the microbial loop to higher trophic levels (Stoecker & McDowell Capuzzo 1990 , Burns & Schallenberg 1996 . These protozoans can feed on a large spectrum of particles including small detritus, bacteria, and pico-and nanoplanktonic organisms (Goldman & Dennet 1990) , although some of them can satisfy their energy needs by osmotrophy (Sleigh 2000) . This transfer of organic matter from small particles to rotifers or microcrustacea constitutes trophic repackaging and thus makes the fraction of primary production produced by pico-and nanophytoplankton (Gifford 1991) accessible to zooplankton.
However, the predation by metazoans on heterotrophic flagellates can be highly selective (Sanders & Whickham 1993) , perhaps as the content of essential compounds varies greatly from 1 taxonomic group to another (Klein Breteler et al. 1999) . Among these compounds, fatty acids (FAs) and especially highly unsaturated FAs are important for the development of zooplankton (Arts 1998). Heterotrophic flagellates may therefore contribute to the trophic transfer of unsaturated FAs, a role that is fulfilled mainly by consumption of microalgae (Sargent et al. 1995) . Unfortunately, data concerning the FA composition of heterotrophic flagellates are scarce and they suggest that these organisms have different FA synthesis capabilities (Erwin 1973 , Wood 1988 ). At present, we know that the marine heterotrophic dinoflagellate Crypthecodinium cohnii and marine bodonids can produce DHA (22:6, n-3) (Harrington & Holz 1968 , Barclay et al. 1994 , Zhukova & Kharlamenko 1999 . For freshwater organisms, information is even more scanty and restricted to the results obtained from batch cultures . In any case, the absence of any monospecific proliferations of heterotrophic flagellates in lake environments forces the use of laboratory cultures to determine the highly unsaturated FA composition of these protists (Desvilettes et al. 1997) .
Furthermore, it has been clearly established that some groups of heterotrophic flagellates are derived from autotrophic plastid-containing forms (Cavalier Smith 2000) , so it may be that these heterotrophic forms have inherited the PUFA bioconversion capabilities of autotrophs. Phrased another way: can the concept of taxonomic biomarkers applied to some PUFA that are representative of a given group of autotrophic flagellates , Ahlgren et al. 1992 , Zhukova & Aizdaicher 1995 be applied to corresponding obligate heterotroph forms?
The aim of this study was to analyze the FA composition of several free-living obligate heterotrophic flagellates representative of the main freshwater taxonomic groups. We focused on organisms in genera with both autotrophic and heterotrophic forms in lakes. We therefore chose the kinetoplastid Bodo saltans, often associated with particulate organic matter in the water column (Patterson et al. 1993) , the chrysomonads Paraphysomonas vestita and Spumella pudica, which are characteristic of freshwater communities (Laybourn Parry & Parry 2000) , and the volvocid Polytoma uvella and the cryptomonad Chilomonas paramecium, which are occasionally abundant in freshwater (Arndt et al. 2000) . To determine the influence of the quality of dissolved organic matter on the FA profiles of these protozoans, we used a culture medium enriched in 2 ways.
MATERIALS AND METHODS
Culture conditions. Flagellate strains were obtained from Culture Collection of Algae and Protozoa (CCAP) (Windermere and Oban, UK) or from our laboratory collection (Bodo saltans and Chilomonas paramecium). Among the tested species, Spumella pudica and Paraphysomonas vestita had a mean diameter of 7 to 8 µm. The ovoid cells of B. saltans and Polytoma uvella were, respectively, 9 and 15 µm long, while the largest species, C. paramecium, was around 35 µm long. All the flagellates studied were grown in Synura medium (Provasoli & Pintner 1960) enriched in one experiment with Régilait milk powder (MP; Régilait, St Martin Roche, France) and in the other with Tabimin dry fish food (DFF; Tetra, Melle, France). The amount of the added nutrient was 0.5 mg ml -1
. Each culture was conducted in triplicates in 2 l Erlenmeyer flasks filled with 800 ml of Synura medium. Flasks were inoculated with 3 d old organisms to give an initial density of approximately 10 3 to 10 4 cells ml -1 . The cultures were incubated at 20°C under a photoperiod of 12:12 h light:dark, and they were not shaken or aerated. To characterize the FA composition of the bacteria developing in the flagellate cultures, 2 cultures of bacteria alone were concurrently grown in triplicate in the same Synura medium enriched with MP or DFF.
Flagellates were harvested at the beginning of the stationary phase after 72 to 120 h of incubation, depending on the species grown. Bacterial cultures were stopped after 4 d of incubation and harvested.
Sampling. To avoid contamination of the samples with residual nutrients (MP or DFF), the upper 700 ml of the cultures was gently siphoned off into a clean flask, while the bottom layer (100 ml) was discarded. Flagellates were separated from bacteria by centrifugation (4 min at 500 × g) and by washing the phases with Volvic™ water. Then flagellates were recovered by filtration on pre-combusted GF/F glass-fiber filters. Bacterial contamination of the filters was checked by counting flagellate and bacterial cells in the washed extract of culture before and after filtration. Siphoned cultures of bacteria alone were also filtered on GF/F filters.
Lipid analysis. Lipids were analysed on flagellate filters, bacterial filters and 3 samples of each nutrient (MP and DFF). Total lipids were extracted with chloroform-methanol according to the method of Folch et al. (1957) . FA methyl esters were prepared from the lipid extract by hydrolysis in methanolic NaOH and esterification in methanolic H 2 SO 4 (Desvilettes et al. 1997) . Gas chromatographic analyses were carried out on a Chrompack CP 9001 gas chromatograph equipped with a CP wax 58 column (Varian SA, les Ulis, France) (25 × 0.32 m internal diameter) or with an SPB-1 column (Supelco, Sigma-Aldrich, St Quentin, France) (30 × 0.25 m internal diameter). We used a split-splitless injection system with helium as carrier gas. The oven was programmed to rise from an initial temperature of 160 to 240°C at a rate of 2.5°C min -1 with the FFAP column. When the SPB-1 column was used, samples were injected at an oven temperature of 150°C, and after 4 min the temperature was raised to 250°C at a rate of 4°C min -1 . Individual FA methyl esters were identified by comparing retention times with those obtained from Supelco standards and laboratory standards. FA methyl esters were quantified using 23:0 as internal standard added just before derivatization of FAs.
Statistical analysis. The differences for each FA between flagellate species, bacteria and nutrient were tested using a 1-way ANOVA followed by the Scheffé test. The data from analysis of FAs were also subjected to a normalized principal component analysis.
RESULTS

Flagellate growth
The growth of flagellate species in the conditions described in materials and methods is shown in Fig. 1 . Spumella pudica and Bodo saltans exhibited a similar growth in both nutrient conditions (MP medium and DFF medium). Polytoma uvella failed to grow in DFF medium, while in the same medium, the growth of Chilomonas paramecium and Paraphysomonas vestita was faster than in MP medium. The number of P. vestita cells after 96 h of incubation increased markedly in MP medium by the multiplication of small cell forms (Fig. 1 ). This observation was followed by a large decrease, which led us to harvest the flagellates. Sudden proliferation of small heterotrophic chrysomonad cells in culture is known to precede strong declines and cyst formation, a phenomenon attributed to the lack of bacterial prey linked to nutrient limitation (Zubkov & Sleigh 1995) .
FA composition of bacteria and nutrient sources (MP and DFF)
The predominant FAs in the MP medium (Table 1 ) were saturated 16:0 (50.6% of total), 18:0 (7.06%) and 14:0 (6.65%), and monounsaturated 18:1(n-9) (9.74%) and 16:1(n-7) (8.14%). The major PUFA detected was 18:2(n-6), but the MP substrate lacked long chain PUFA, with the exception of 22:2(n-6). The FA profile of bacteria grown in the MP medium was similar to that of MP (Table 1 ). The dominant FAs were also saturated 16:0, 18:0 and 14:0, but typical bacterial FAs lacking in the substrate were found in bacteria samples. These FAs were cis-vaccenic FA (18:1n-7, 7.28% of the total) and branched FAs such as iso and anteiso 15:0 and 17:0 (total amount > 3%, see Table 1 ).
In contrast to MP, the DFF substrate was characterized by high percentages of PUFA (32.02% of the total) occurring at concentrations similar to those of saturated FAs (33.50%; Table 2 ). These PUFA were dominated by 18:2(n-6) (20.70%) and 22:6(n-3) (4.32%), and to a lesser extent by 18:3(n-3) and 20:5(n-3). Bacteria grown in DFF medium had a quite different composition from those grown in the enrichment substrate (Table 2 ). The most notable features were the presence of large amounts of branched FAs, making up 23.61% of total, and the high percentages of 16:1(n-7) and 18:1(n-7). The absence of large amounts of PUFA in these bacteria is also a specific trend, and PUFA were almost exclusively limited to (n-6) acids (3.23% in total). Finally, there were several significant differences (p < 0.05) between bacteria grown in MP medium and bacteria grown in DFF medium (Table 3) . This observation concerns dom- Values of 18:2(n-6) and 16:1(n-7) were also significantly different between the 2 bacteria cultures (Table 3 ; p < 0.05).
FA composition of heterotrophic flagellates
First, it is important to underline that bacterial contamination of flagellate GF/F filters (on a biovolume basis) was around 18.8 to 21.1% of total biovolume. The highest bacterial contamination (33%) was esti- Significant difference between the value of the fatty acid detected in bacteria and the value of the corresponding fatty acid detected in MP medium (1-way ANOVA; Scheffé test p < 0.05) Table 1 . Fatty acid composition (wt %) of total lipid from flagellates grown in Synura medium enriched with milk powder (MP). Data are weight percentage of total fatty acids and are mean ± SD (n = 3). ai: anteiso fatty acids; i: iso fatty acids; MUFA: monounsaturated fatty acids; n: number of culture flasks (bacteria or flagellates) or samples (MP) analyzed; (n-3)/(n-6): ratio of total (n-3) and total (n-6) fatty acids; 'Others' includes components not firmly identified or of a lesser interest: 6:0, 8:0, 10:0 2-OH?, 12:0 2-OH?, 15:1(n-7), 17:1(n-8)?, 16:2(n-7)?, 18:1(n-5)?, 18:2(n-7), 19:0, 19:1?; PUFA: polyunsaturated fatty acids; Σ(n-3) and Σ(n-6): total fatty acids of (n-3) and (n-6) series; SAFA: saturated fatty acids; ΣBr.FA: sum of branched fatty acids; Tr: traces < 0.2% mated for Polytoma uvella, known to be a strict osmotrophic organism (Sleigh 2000) . Fortunately, the yield of total FAs extracted from filters of bacteria incubated alone was 2% of dry weight in both experimental conditions. As bacteria cell dry weight was substantially lower than that of our flagellate cells (Wood 1988) , the proportion of bacterial FAs in flagellate filters was low. We calculated that, on a basis of 10% FAs (% dry weight) for flagellate cells, only 3.7 to 6.1% of the total FAs extracted originated from contaminating bacteria. This of course includes P. uvella filters, and the FA amount chosen for the calculation is in good agreement with concentrations reported in protozoans by Beach et al. (1970) , Erwin (1973) and Wood (1988) (5 to 15% of the dry weight, 11% in Chilomonas cells). The composition of the FA extracted from the flagellates cultivated in MP medium showed several interspecific similarities ( Significant difference between the value of the fatty acid detected in bacteria and the value of the corresponding fatty acid † detected in DFF medium (1-way ANOVA; Scheffé test p < 0.05) Table 2 . Fatty acid composition (wt %) of total lipid from flagellates grown in Synura medium enriched with dry fish food (DFF). Data are weight percentages of total fatty acids and are mean ± SD (n = 3). When SD is lacking n = 2. n: number of culture flasks (or samples in the case of DFF) analysed. Other abbreviations as in Table 1 up from 21.62 to 34.06%, depending on the species studied. The major individual FAs belonging to these last 2 categories were on the one hand 16:0, 18:0 and 14:0, and on the other hand 16:1(n-7), 18:1(n-7), 18:1(n-9) and 16:1(n-9). All the flagellate species exhibited significant levels of FAs usually characteristic of bacteria. Thus, 1.36% (Polytoma uvella) to 3.21% (Paraphysomonas vestita) of branched FAs were detected together with quite high levels of 18:1(n-7) (Table 1) . However, this last compound was more abundant in B. saltans, Spumella pudica and P. vestita, with approximately 9.30% of the total, than in P. uvella and C. paramecium. In each flagellate studied the amount of PUFA was low, especially in P. vestita and C. paramecium (1.28 to 2.72%) and they belonged mainly to (n-6) series with 18:2(n-6) as dominant form. Of special note was the presence of (n-3) acids with 18 carbon atoms in P. uvella and with 18 and 20 carbon atoms in C. paramecium, but the detected percentages were very low and ranged from 0.29 to 0.72% of the total FAs (Table 1) . Except for PUFA, little interspecific variation of the FA profiles was observed in flagellates grown in MP medium. This was confirmed by the principal component analysis, which showed that with the MP substrate, bacteria and flagellates are all grouped together (Fig. 2) . On the other hand, intraspecific differences occurred between flagellates tested with both culture conditions (Table 3 ). This was particularly relevant for saturated FAs (even and branched acids) and 18:2(n-6) (p < 0.05). In contrast, the chrysomonads studied showed almost no significant variations (Table 3) . However, all the flagellates incubated in DFF medium contained substantial amounts of PUFA, in much higher percentages than in MP medium flagellates (Tables 1 & 2) . Among these PUFA, (n-3) FAs were important contributors; for instance Bodo saltans contained 3.76% of 18:4(n-3) and small quantities of 18:3(n-3) and 20:5(n-3). Similarly, Chilomonas paramecium had 2.53% of 20:5(n-3) and 1.67% of 18:3(n-3) while the proportion of (n-3) FAs was lower in chrysomonads, especially Paraphysomonas vestita. Finally, it is important to note that, despite the occurrence of (n-3) compounds, 18:2(n-6) was the major PUFA in all the species analyzed (Table 2) . Table 3 . Statistical analysis of differences in fatty acid composition of bacteria and flagellates grown on MP medium or DFF medium. The differences for each fatty acid of a same species of flagellate or of bacteria were tested between MP medium and DFF medium using a 1-way ANOVA and a Scheffé test. For the same species only the fatty acids that differ significantly are indicated (p < 0.05) Concerning the other FAs constituting the profiles of the DFF flagellates, saturated FAs were dominated by 16:0, 18:0 and 14:0, while monounsaturated FAs consisted mainly of 16:1(n-7), 18:1(n-9) and 18:1(n-7). From a statistical viewpoint there were more differences between bacteria and flagellates grown in this medium than between bacteria and flagellates grown in MP medium (Table 2) . Nevertheless, as observed with MP organisms, all the DFF flagellates also showed typical bacterial FAs (iso and anteiso saturated FAs and 18:1, n-7). Therefore, it is principally the PUFA composition of DFF substrate, bacteria and flagellate species that determined the statistical variations revealed by principal component analysis. This contrasts markedly with the observations made in the MP medium experiment (Fig. 2) . Only DFF Spumella pudica and DFF Paraphysomonas vestita were grouped together, exhibiting great similarities with their corresponding species grown in MP medium (Fig. 2) . On the other hand, bacteria, DFF substrate, DFF Chilomonas paramecium and DFF Bodo saltans were largely dispersed (Fig. 2) .
DISCUSSION
The results obtained during this study underline the important effect that organic matter can have on the FA composition of heterotrophic flagellates. An enrichment substrate such as MP had a considerable influence on the FA composition of both bacteria and flagellates But this substrate, which is poor in PUFA, did not favor the occurrence or synthesis of these compounds within flagellates. In contrast, the DFF substrate, which is rich in PUFA, seemed to lead to a considerable PUFA enrichment of the organisms, resulting in heterogeneity in their FA profiles that must have been caused by the specific PUFA metabolisms of each flagellate species.
To some extent FA compositions obtained in the flagellates in this experiment can be compared with published data, although these are few (Wood 1988) . For example, authors such as Erwin et al. (1964) and Beach et al. (1970) reported that Chilomonas paramecium cultivated with lactate and thiamine was characterized in terms of its PUFA composition by the occurrence of small quantities of 18:3(n-3), 18:2(n-6) and 20:5(n-3). These findings agree with ours, especially in the MP medium. Similarly, there are few differences between the PUFA compositions of Polytoma uvella grown axenically with acetate (Erwin 1973) and those observed with MP in our experiments. In both cases, this flagellate was characterized by 18:2(n-6) and 18:3(n-6), with low proportions of 18:3(n-3).
The genus Bodo belongs to the kinetoplastids, a group of protozoans that are mainly parasites and that contain mostly PUFA of the (n-6) series (Wood 1988 ). However, Zhukova & Kharlamenko (1999) reported the occurrence of significant percentages of 18:2(n-6), 20:2(n-6) and to a lesser extent 22:6(n-3) in a marine Bodo sp. grown in starch and rice cultures. Our results concerning B. saltans therefore showed that there was a very clear dominance of FAs of the (n-6) series and that only B. saltans cultivated on the DFF medium also contained FAs of the (n-3) series. In terms of the 2 chrysomonads, the published information concerns autotrophic species that usually contain high quantities of PUFA of (n-3) series and appreciable quantities of (n-6) FA (Ahlgren et al. 1992 , Sargent et al. 1995 . In our 2 heterotrophic species, Paraphysomonas vestita and Spumella pudica, (n-3) acids were absent from organisms cultivated on the MP medium and occurred in only small quantities in those cultivated on the DFF medium, especially in P. vestita.
The occurrence of (n-3) and (n-6) series PUFA and of branched FAs of bacterial type in flagellates could have resulted from a slight contamination of the filters by substrate particles (PUFA) or by bacteria (in the case of iso and anteiso 15:0 and 17:0), but was more probably caused by the mode of nutrition and the PUFA biosynthesis abilities of each species of flagellate. Bodo saltans and species of the genera Paraphysomonas and Spumella are phagotrophic and are therefore able to ingest bacteria and particles of organic matter (Arndt et al. 2000) . These particles vary in size; B. saltans feed mainly on bacteria, whereas Paraphysomonas can phagocytose microalgae the same size or larger than itself (Patterson et al. 1993 , Arndt et al. 2000 . Therefore, the high PUFA content of these 3 flagellates grown in DFF medium may be explained by the ingestion of substrate particles more or less decomposed by bacteria. The presence of branched chain FAs and 18:1(n-7) seems to be directly related to bacterial consumption by these 3 flagellates. Thus, uneven carbon-numbered iso and anteiso FAs and 18:1(n-7) are typical of bacteria from freshwater environments (Scribe et al. 1990 , Middelburg et al. 2000 . The presence of such compounds in Chilomonas ovata and Polytoma uvella is in principle more difficult to relate to a simple consumption of bacteria. These 2 flagellates are osmotrophic; their energy needs are usually satisfied by simple organic molecules and there is no evidence that they are capable of phagocytosis (Kugrens & Lee 1991 , Sleigh 2000 . Therefore, the bacterial FAs detected in them are more probably the result of contamination of the filters, despite the fact that 18:1(n-7) was only half as abundant in these 2 flagellates as in B. saltans, P. vestita and S. pudica. There are, however, contradictory data that seem to prove the existence of bacterivorous activity in Cryptomonas sp. and other photosynthetic cryptomonads (Roberts & Laybourn-Parry 1999 , Urabe et al. 2000 . As the genus Chilomonas is closely related to Campylomonas, a photosynthetic genus (Hill 1991) , and as vacuoles filled with degenerating ejectisomes have been found in Chilomonas ovata (Kugrens & Lee 1991) , it seems likely that this flagellate can ingest bacteria. But the case for Polytoma uvella is still uncertain. The osmotrophic life-style of C. ovata and P. uvella does, howeve,r make them able to directly assimilate some of the PUFA released into the culture medium by bacterial hydrolysis of the substrates. The assimilation of macromolecules has already been observed in Chilomonas (Sleigh 2000) , as has the incorporation of FAs derived from the culture medium in Paramecium aurelia (Kaneishiro et al. 1979) .
In all cases, the flagellates in this study were characterized by a very clear dominance of FAs of the (n-6) series (mainly, 18:2,n-6). In the MP medium, only Chilomonas paramecium and Polytoma uvella contained low quantities of (n-3) PUFA. The bioconversion capacities therefore varied among species, to some extent in relation to their phylogenetic origins. For example P. uvella contains a degenerate plastid inherited from an ancestral autotrophic form (Gaffal & Schneider 1980) and Chilomonas ovata contains a leucoplast that lacks thylakoids but where starch is still formed (Kugrens & Lee 1991) . In autotrophic flagellates, most of the 18:2(n-6) and 18:3(n-3) production takes place inside the plastid under the action of membrane-bound ∆12 and ∆15 desaturases, the activity of these enzymes being very reduced in the endoplasmic reticular microsomes (Browse & Somerville 1991 , Sato et al. 1997 . It is therefore very probable that C. ovata and P. uvella can still produce 18:2(n-6) and 18:3(n-3) by means of ∆12 and ∆15 desaturases that are still functional with the residual plastids. In the heterotrophic tissues (e.g., seed endosperm) of higher plants the leucoplasts are also capable of synthesizing FAs (Eastmond et al. 1997) . By conserving these slight bioconversion capacities, C. ovata and P. uvella reproduce, in an extremely attenuated manner, the PUFA distribution patterns normally observed in their corresponding autotrophs (Sargent et al. 1995) . This explanation seems to be difficult to apply to the chrysomonads Paraphysomonas and Spumella, which contain only a very reduced leucoplast (Belcher & Swale 1976 , Preisig et al. 1991 and which tend to accumulate (n-6) acids. This suggests that the ∆15 desaturase that occurs in these flagellates is defective, as McConn & Browse (1996) found that the accumulation of (n-6) FAs with negligible 18:3(n-3) is linked to defective (n-3) ∆15 desaturase in Arabidopsis thaliana. Among the kinetoplastids, the bodonids are probably the most primitive group (Vickerman 1991) . Bodo saltans seems to produce almost entirely 18:2(n-6), a synthesis that in protists unrelated to plastid-containing forms can take place only through the ∆12 desaturase that occurrs in the microsomal fraction of endoplasmic reticulum (Kaneishiro et al. 1979 , Avery et al. 1994 .
Finally, all the flagellates studied were distinguished by their low proportions of PUFA, which may have been influenced by the temperature (20°C) and the absence of shaking in the cultures. A high culture temperature has been reported to result in a lowering of FA desaturation activity in the amoeba Acanthamoeba castellanii (Avery et al. 1994) . Similarly, the absence of culture oxygenation in the same amoeba was reflected by a low PUFA content, whereas oxygenation of the cultures led to a 10-fold increase in ∆12 desaturase enzyme activity (Avery et al. 1996) . However, as long as they are not placed in low-temperature conditions, the low cell PUFA content does not alter the growth of unicellular organisms (Peyou-Ndi et al. 2000) .
In conclusion, we found that different heterotrophic flagellates have different PUFA synthesis and bioconversion capacities. These capacities also seem to be limited depending on the physicochemical conditions and are especially effective in the case of (n-6) series PUFA. Furthermore, the quality of the culture enrichment substrates and their PUFA contents have a very strong influence on those of the flagellates. As a result, in the natural environment, the PUFA content of heterotrophic flagellates seems to us to depend mainly on that of the picoplanktonic prey or organic matter that is ingested. Accordingly, the relative intakes by phagotrophy and osmotrophy should play a major role that is worthy of further study, since under the culture conditions used in the present study, heterotrophic flagellates seemed to be too poor in (n-3) series PUFA to be able to sustain major zooplankton growth by themselves.
